Multiple signaling pathways are activated during engagement of the Type I interferon (IFN) receptor to mediate biological responses, including the Jak-Stat and Rac1/p38 Map kinase signaling cascades. In the present study we sought to determine the functional relevance of the p38␣ isoform in IFN signaling, using cells from mouse embryos with targeted disruption of the p38␣ gene. Our data demonstrate that p38␣ activation is essential for Type I IFN-dependent transcriptional regulation via ISRE or GAS elements. On the other hand, the function of p38␣ is not required for IFN-dependent 
Type I and II interferons (IFNs) 1 are cytokines that play important roles in the regulation of several physiological responses in humans. Upon interaction with their respective receptors on target cells, these cytokines elicit antiviral, antiproliferative, and immunomodulatory responses (1) (2) (3) (4) (5) (6) (7) (8) . The antiviral and antitumor properties of interferons have led to their introduction in clinical trials for various human diseases. These agents have found important roles in clinical medicine, and are useful in the treatment of certain malignancies, viral syndromes, and autoimmune disorders (1) (2) (3) (4) (5) (6) (7) (8) .
The mechanisms of generation of signals by the Type I IFN receptor have been extensively studied over the last decade. It is now well established that divergent cellular pathways are activated upon engagement of the Type I IFN receptor and the resulting phosphorylation/activation of the associated Jak tyrosine kinases, Tyk-2, and Jak-1 (2-6). These include signaling cascades involving Stat proteins (reviewed in Refs. [2] [3] [4] [5] [6] [7] [8] [9] [10] , insulin-receptor substrate (IRS) proteins and the phosphatidylinositol 3Ј-kinase (11) (12) (13) (14) (15) (16) , Crk-proteins (17) (18) (19) (20) , as well as mitogen-activated protein (Map) kinase signaling cascades (7, (21) (22) (23) (24) (25) (26) .
The family of Map kinase proteins includes 3 major groups. These are the extracellular signal-regulated kinases (Erk), the p38 Map kinases, and the c-Jun NH 2 -terminal kinases (JNK) (reviewed in Refs. [27] [28] [29] [30] [31] . There is accumulating evidence that among the different Map kinase subgroups, the p38 pathway may play an important role in interferon-signaling (7) . Previous studies have established that IFN␣ and IFN␤ activate the p38 MAPK in a variety of cell lines of diverse origin (7, (23) (24) (25) . Such activation of p38 appears to be initiated at the Type I IFN receptor level by the upstream activation of tyrosine kinases, likely Tyk-2 and/or Jak-1 (25) , and is mediated via subsequent engagement of the small GTPase Rac1 (24) . Activation of the Rac1/p38 pathway has been implicated in the regulation of interferon-dependent gene transcription (22) (23) (24) , while there is also some evidence that the p38 pathway regulates Type I IFN-dependent induction of protein expression via post-transcriptional mechanisms (32) . The regulatory effects of p38 on Type I IFN-dependent transcriptional activation have been primarily suggested from studies employing pharmacological inhibitors (22, 24) . The potential of p38 to regulate IFN-dependent gene transcription has suggested that this pathway either modulates the activation of IFN-regulated Stats, or that it functions independently via distinct downstream effectors that cooperate with the Stats to induce optimal transcription of interferon-stimulated genes (ISGs). Prior evidence using pharmacological p38 inhibitors has suggested the existence of a Stat-independent mechanism (22, 24) , although effects on Stat activation have also been reported (23) .
In the present study we used p38␣ knockout cells to define (34) , and p38␣ knockout mice (35) were cultured in Dulbecco's modified Eagle's medium containing 10% fetal calf serum.
Mobility Shift Assays-Actively growing cells were treated with IFN␣ for the indicated times. 10 g of nuclear extracts from untreated or IFN␣-treated cells, were analyzed using electrophoretic mobility shift assays (EMSAs), as described previously (15, 18) . A doublestranded oligodeoxynucleotide (ATTTCCCGTAAAT CCC), representing a sis-inducing element (SIE) from the c-fos promoter was synthesized and used in the gel shift assays. A double-stranded oligodeoxynucleotide (CTGTTGGTTTCGTTTCCTCAGA), representing an ISRE element from the ISG-15 gene, was also synthesized and used to detect ISGF3-complexes.
Cell Lysis, Immunoprecipitations, and Immunoblotting-Cells were stimulated with the indicated IFNs (10 4 IU/ml) for the indicated times, and lysed in phosphorylation lysis buffer as previously described (11, 12, 14) . Immunoprecipitations and immunoblotting using an enhanced chemiluminescence (ECL) method were performed as previously described (11, 12, 14) .
Antiviral Assays-The antiviral effects of mouse IFN␣ on mouse embryonic fibroblasts were determined by assaying its activity against encephalomyocarditis virus (EMCV) infection as in our previous studies (25) .
Luciferase Reporter Assays-Cells were transfected with a ␤-galactosidase expression vector and either an ISRE luciferase construct or a luciferase reporter gene containing eight GAS elements linked to a FIG. 1. Lack of p38␣ expression in knockout MEFs. p38␣ ϩ/ϩ and p38␣ Ϫ/Ϫ MEFs were incubated for 60 min in the presence or absence of mouse IFN␣ as indicated. Equal amounts of total cell lysates (100 g) were analyzed by SDS-PAGE. A, anti-p38␣ immunoblot is shown. B, the blot shown in A was stripped and re-probed with an anti-tubulin antibody, to control for protein loading. C, anti-phosphop38 immunoblot is shown. D, anti-tubulin immunoblot, to control for protein loading, of the same blot shown in C.
FIG. 2.
p38␣ is required for IFN␣-dependent gene transcription via ISRE and GAS elements. p38␣ ϩ/ϩ and p38␣ Ϫ/Ϫ mouse embryonic fibroblasts were transfected with an ISRE-luciferase construct (A) or an 8X-GAS-luciferase construct (B). 48 h after transfection, the cells were incubated for 6 h in the presence or absence of mouse IFN␣, and luciferase activity was measured. Data are expressed as fold increase in response to mouse IFN␣-treatment over control untreated samples for each condition. Mean ϩ S.E. values of three independent experiments for the ISRE panel (A) and two independent experiments for the GAS panel (B) are shown. C, Stat1 ϩ/ϩ and Stat1 Ϫ/Ϫ MEFs were transfected with an ISRE luciferase construct. 48 h after transfection, the cells were incubated for 6 h in the presence or absence of mouse IFN␣, and luciferase activity was measured. Data are expressed as fold increase in response to mouse IFN␣ treatment over control untreated samples for each condition. Mean Ϯ S.E. values of two independent experiments are shown. minimal prolactin promoter (8ϫ GAS) using the superfect transfection reagent as per the manufacturer's recommended procedure (Qiagen). The ISRE-luciferase construct (22) included the wild-type ISG15 ISRE (TCGGGAAAGGGAAACCGAAACTGAAGCC) cloned via cohesive ends into the BamHI site of the pZtkLuc vector, and was provided by Dr. Richard Pine (Public Health Research Institute, New York, NY). The 8ϫ GAS construct (36) was kindly provided by Dr. Christofer Glass (University of California, San Diego, CA). Forty-eight hours after transfection, triplicate cultures were either left untreated or treated with 5 ϫ 10 3 units/ml of IFN␣ or IFN␤ as indicated.
Chromatin Immunoprecipitation (ChIP) Assays-Chromatin immunoprecipitation (ChIP) assays were performed essentially as previously described (37) (38) (39) . ChIP DNA was used as a template for polymerase chain reaction (PCR) with human ISG15 gene ISRE forward (FP) (5Ј-cat gcc tcg gga aag gga aac-3Ј) and reverse (RP)(5Ј-gtg aca tct gcc tta cca tgg-3Ј) primers.
Msk1 Kinase Assays-Cells were incubated with IFN␣ for the indicated times. Total cell lysates were immunoprecipitated with either an anti-Msk1 antibody or control non-immune RIgG. In vitro kinase assays were subsequently carried out on the immunoprecipitates, as previ-FIG. 3. p38␣ is required for IFN␤-dependent, but not IFN␥-dependent, gene transcription. p38␣ ϩ/ϩ and p38␣ Ϫ/Ϫ MEFs were transfected with an ISRE-luciferase construct (A) or an 8X-GAS-luciferase construct (B). 48 h after transfection, the cells were incubated for 6 h in the presence or absence of mouse IFN␤, and luciferase activity was measured. Data are expressed as fold increase in response to mouse IFN␤-treatment over control untreated samples for each condition. Mean ϩ S.E. values of two independent experiments for each panel are shown. C, p38␣ ϩ/ϩ and p38␣ Ϫ/Ϫ mouse embryonic fibroblasts were transfected with an 8XGAS-luciferase construct. 48 h after transfection, the cells were incubated for 6 h in the presence or absence of mouse IFN␥, and luciferase activity was measured. Data are expressed as fold increase in response to mouse IFN␥ treatment over control untreated samples for each condition. Mean ϩ S.E. values of two independent experiments are shown. ously described (40) . Values were calculated by subtracting nonspecific activity, detected in RIgG immunoprecipitates, from kinase activity detected in anti-Msk1 immunoprecipitates.
MapKap K-2 and MapKap K-3 Kinase Assays-These assays were performed essentially as previously described (22) . Briefly, p38 ϩ/ϩ and p38 Ϫ/Ϫ MEFs were treated with the indicated mouse IFNs for the indicated times, in the presence or absence of SB203580 (final concentration 10 M), added 30 min prior to IFN treatment. The cells were then lysed in phosphorylation lysis buffer, lysates were immunoprecipitated with antibodies against MapKapK-2 or MapKapK-3, and the immunoprecipitated proteins were washed three times in phosphorylation lysis buffer and two times in kinase buffer (25 mM Hepes, pH 7.4, 25 mM MgCl 2 , 25 mM ␤-glycerophosphate, 100 M sodium orthovanadate, 2 mM dithiothreitol, 20 M ATP), and the immune complex kinase assays were initiated by the addition of 30 l of kinase buffer containing 5 g of Hsp-25 protein (Stress Gen Laboratories) as a substrate and 10 Ci of [␥-
32 P]ATP. Subsequently, the reaction was incubated for 30 min at room temperature and was terminated by the addition of SDS sample buffer. Proteins were resolved by SDS-PAGE and phosphorylated Hsp-25 was detected by autoradiography.
RESULTS
In previous studies, we have demonstrated that the p38 Map kinase pathway is activated in a Type I interferon-dependent manner in several lines of diverse cellular origin. To definitively establish the role of p38␣ in interferon signaling, and to define its contribution in Type I IFN-dependent transcriptional activation, we performed studies using mouse embryonic fibroblasts (MEFs) with targeted disruption of the p38␣ gene (35) . We first confirmed the lack of p38␣ expression in the knockout MEFs (Fig. 1) . Luciferase promoter assays were subsequently performed to evaluate the induction of Type I IFN-dependent transcriptional responses in the presence or absence of p38␣. p38␣ ϩ/ϩ and p38␣ Ϫ/Ϫ cells were transfected with an ISRE luciferase construct or an 8ϫ GAS luciferase construct. The cells were subsequently treated with mouse IFN␣ and luciferase activity was measured. IFN␣-dependent gene transcription via both ISRE and GAS elements was significantly reduced in the absence of the p38␣ kinase (Fig. 2, A and B) . Some residual transcriptional response was present in still p38␣ Ϫ/Ϫ cells (Fig. 2, A and B) , suggesting that other p38 isoforms may partially compensate for the absence of p38␣. Nevertheless, the reduction in IFN␣-dependent gene transcription for ISRE elements in p38␣ Ϫ/Ϫ cells was comparable to that seen in Stat1 Ϫ/Ϫ MEFs (Fig. 2C) , indicating that the function of both the p38 and Stat pathways are essential for optimal gene transcription by IFN␣.
When similar studies were performed using another Type I IFN, IFN␤, we also found that mouse IFN␤-dependent transcriptional regulation via ISRE elements is impaired in the absence of the p38␣ isoform (Fig. 3A) . Similarly, the induction of luciferase activity via GAS elements was significantly reduced in cells lacking p38␣ (Fig. 3B) , strongly suggesting that activation of this pathway is required for transcriptional regulation by all different Type I IFNs. On the other hand, lack of p38␣ expression had no effect on IFN␥-inducible gene transcription via GAS elements (Fig. 3C) , indicating that this kinase does not mediate signals that facilitate Type II IFN-dependent transcription. Thus, p38␣ appears to play a specific role in interferon-signaling, selectively targeting Type I but not Type II interferon pathways that impact on transcriptional activity.
In subsequent studies, we determined whether the defective Type I IFN-dependent gene transcription observed in p38␣-knockout cells results from defective activation of components of the Stat pathway. It is well established that phosphorylation of Stat1 on tyrosine 701 is required for its association with Stat2 and the formation of the mature Stat1⅐Stat2⅐IRF9 ISGF3 complex that translocates to the nucleus and binds to ISRE elements to initiate gene transcription (2) (3) (4) (5) . Similarly, tyrosine phosphorylation on this site is required for the formation of Stat1:1 homodimers or Stat1:3 heterodimers that bind to GAS elements in the promoters of certain interferon-regulated genes (2) (3) (4) (5) . On the other hand, phosphorylation of Stat1, and also Stat3, on serine 727 is required for maximum transcriptional activation, independent of Stat DNA binding (41) (42) (43) . Mouse IFN␣-induced phosphorylation of Stat1 on serine 727 (Fig. 4, A and B) and tyrosine 701 (Fig. 4 , C and D) in both p38␣ Ϫ/Ϫ and p38␣ ϩ/ϩ MEFs, demonstrating that p38␣ is not required for such responses. Similarly, phosphorylation of Stat3 was p38-independent (Fig. 4, E and F) , further suggesting that the requirement of p38␣ for gene transcription via GAS elements is unrelated to activation of Stat proteins. Taken altogether, these data definitively establish that p38␣ is not required for phosphorylation of Stat1 in response to Type I IFNs.
Previous studies have implicated a p38-isoform as a serine FIG. 4 . Activation of p38␣ is not required for IFN␣-dependent serine phosphorylation of Stat1 on serine 727 or tyrosine 701. A, p38␣ ϩ/ϩ and p38␣ Ϫ/Ϫ mouse embryonic fibroblasts were incubated for 20 min in the presence or absence of mouse IFN␣, as indicated. The cells were lysed and equal amounts of total cell lysates were analyzed by SDS-PAGE and immunoblotted with an antibody that recognizes the phosphorylated form of Stat1 on serine 727. B, the blot shown in A was stripped and re-probed with an anti-Stat1 antibody to control for loading. C, p38␣ ϩ/ϩ and p38␣ Ϫ/Ϫ mouse embryonic fibroblasts were incubated for 20 min in the presence or absence of mouse IFN␣, as indicated. The cells were lysed, and equal amounts of total cell lysates were analyzed by SDS-PAGE and immunoblotted with an antibody that recognizes the phosphorylated form of Stat1 on tyrosine 701. D, the blot shown in C was stripped and re-probed with an anti-Stat1 antibody to control for loading. E, p38␣ ϩ/ϩ and p38␣ Ϫ/Ϫ mouse embryonic fibroblasts were incubated for 20 min in the presence or absence of mouse IFN␣, as indicated. The cells were lysed and equal amounts of total cell lysates were analyzed by SDS-PAGE and immunoblotted with an antibody that recognizes the phosphorylated form of Stat3 on tyrosine 705. F, the blot shown in E was stripped and re-probed with an anti-Stat3 antibody to control for loading.
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kinase for Stat1 in IFN-independent stress responses, including UV irradiation, anisomycin, and osmotic stress (44, 45, 24) . We examined whether Stat1 phosphorylation in response to osmotic stress occurs in the absence of p38␣. Osmotic stress induced strong phosphorylation of Stat1 on serine 727 in both p38␣ Ϫ/Ϫ and p38␣ ϩ/ϩ cells (Fig. 5, A, B, and C) . Similarly, stress-inducible phosphorylation of the protein on tyrosine 701 was seen in the presence or absence of p38␣ (Fig. 5, D and E) . Thus, although p38␣ may act as a mediator of UV-induced serine 727 phosphorylation of Stat1 (45), this does not appear to be the case for osmotic stress-inducible phosphorylation of the protein.
Our findings demonstrated that p38␣ is not required for Type I IFN-dependent phosphorylation of Stat proteins but they did not exclude the possibility that such effects are mediated via regulation of activation of other, yet unknown, factors that may associate with Stat complexes and regulate their binding to the promoters of interferon-regulated genes. To address this issue, experiments were performed, in which the induction of ISGF3 and SIF DNA binding complexes by mouse IFN␣ or IFN␤ was examined by gel shift assays in cells that expressed p38␣ or lacked expression of p38␣. As shown in Fig.  6 , the formation of ISGF3 complexes (Fig. 6A) and SIF complexes (Fig. 6B) was strongly induced by either IFN␣ or IFN␤ in both p38␣ Ϫ/Ϫ and p38␣ ϩ/ϩ cells. Consistent with this, when ChIP assays were performed, we found that Stat1 was present in a complex that binds to ISRE elements during IFN␣ stimulation, but pharmacological inhibition of p38 did not abrogate such binding (Fig. 6C) .
In subsequent studies, we sought to identify downstream effectors of p38␣ that may participate in the regulation of Type I IFN-responses. The MapKapK-2 and MapKapK-3 kinases have been previously implicated as downstream effectors of p38 in response to stress (46 -49) and have been shown to be activated by Type I IFNs (24) . To determine whether p38␣ is essential for activation of MapKapK-2 and MapKapK-3 by the Type I IFN receptor, experiments were performed using p38␣ Ϫ/Ϫ and p38␣ ϩ/ϩ MEFs. Cells were incubated with mouse IFN␣, cell lysates were immunoprecipitated with an anti-MapKapK-2 antibody, and in vitro kinase assays were performed using Hsp-25 as an exogenous substrate. Strong activation of MapKapK-2, evidenced by phosphorylation of Hsp-25, was detectable in p38␣ ϩ/ϩ MEFs but not in cells lacking p38␣ expression (Fig. 7A) . Such activation of MapKapK-2 in the p38␣ ϩ/ϩ MEFs was inhibited when cells were preincubated with the p38 inhibitor SB203580 (Fig. 7A) . Similar results were obtained when the phosphorylation/activation of the related MapKapK-3 kinase in response to IFN␣ was determined (Fig.  7B ). This kinase was also p38␣ -dependent, evidenced by the lack of IFN-inducible activation of its activity in cells lacking p38␣.
To determine the functional relevance of the p38-dependent activation of the MapKapK-2 by IFN␣, we examined the induction of antiviral responses in MEFs from mice with targeted disruption of the MapKapK-2 gene (34). As shown in Fig. 8 , wild-type MapKapK-2 ϩ/ϩ cells were susceptible to the cytopathic effects of encephalomyocarditis (EMCV) virus infection, while treatment with mouse IFN␣ inhibited viral replication in a dose-dependent manner. On the other hand, MapKapK-2 Ϫ/Ϫ cells exhibited diminished sensitivity to the protective effects of mouse IFN␣ (Fig. 8) , indicating that MapKapK-2 activation is important for the induction of an antiviral state by IFN␣.
The nucleosomal kinase Msk1 has been implicated in the generation of stress-response signals, downstream of activation the p38 and Erk kinase signaling cascades (40, 50, 51) . This kinase regulates serine phosphorylation of histones H3 and HMG-14, events that mediate immediate early gene induction (52, 53) . We determined whether Msk1 is phosphorylated during engagement of the Type I IFN receptor. Cells were incubated in the presence or absence of IFN␣, and total cell lysates were resolved by SDS-PAGE and immunoblotted with an antibody that recognizes the phosphorylated form of Msk1 on serine 376. Msk1 was found to be phosphorylated on serine 376 in an IFN␣-dependent manner (Fig. 9A) , while there was no change in the amounts of total Msk1 protein detected prior to FIG. 5 . Osmotic stress induced phosphorylation of Stat1 on serine 727 and tyrosine 701 in p38␣ ؊/؊ and p38␣ ؉/؉ cells. A, p38␣ ϩ/ϩ and p38␣ Ϫ/Ϫ MEFs were incubated for 20 min in the presence or absence of 0.5 M NaCl, as indicated. The cells were lysed and equal amounts of total cell lysates were analyzed by SDS-PAGE and immunoblotted with an antibody that recognizes the phosphorylated form of Stat1 on serine 727. B, the blot shown in A was stripped and re-probed with an anti-Stat1 antibody to control for loading. C, the blot shown in A and B was stripped and re-probed with an antibody against p38␣. D, p38␣ ϩ/ϩ and p38␣ Ϫ/Ϫ mouse embryonic fibroblasts were incubated for 20 min in the presence or absence of 0.5 M NaCl, as indicated. The cells were lysed, and equal amounts of total cell lysates were analyzed by SDS-PAGE and immunoblotted with an antibody that recognizes the phosphorylated form of Stat1 on tyrosine 701. E, the blot shown in D was stripped and re-probed with an anti-Stat1 antibody to control for loading.
and after IFN␣-stimulation (Fig. 9B) . Similarly, IFN␣-dependent Ser 376 phosphorylation of Msk1 was detectable in Molt-4 cells (Fig. 9, C-E) , and was inhibited by pretreatment of cells with the p38 inhibitor SB203580 (Fig. 9, D and E) . To determine whether p38␣ is required for phosphorylation of Msk1 on serine 376, p38␣ ϩ/ϩ and p38␣ Ϫ/Ϫ cells were incubated with mouse IFN␣, and total lysates were analyzed by SDS-PAGE and immunoblotted with the anti-Ser376 antibody. IFN␣ induced strong phosphorylation of Msk1 in p38␣ ϩ/ϩ cells, while such phosphorylation was defective in p38␣ Ϫ/Ϫ cells (Fig. 9, F  and G) , indicating that such phosphorylation occurs downstream of p38␣ activation. IFN␣ also induced phosphorylation of Msk1 on threonine 581 (Fig. 10, A and B) , and such phosphorylation was defective in p38␣ Ϫ/Ϫ cells (Fig. 10, C and D) , further demonstrating that Type I IFN-dependent phosphorylation of Msk1 is an event that occurs downstream of p38␣. 
To examine whether IFN␣-dependent phosphorylation of Msk1 results in induction of its kinase domain, experiments were performed in which lysates from IFN␣-treated cells were immunoprecipitated with an anti-Msk1 antibody and in vitro kinase assays were carried out on the immunoprecipitates. IFN␣ treatment resulted in a time-dependent induction of Msk1 kinase activity (Fig. 11A) . Such activity was blocked by pretreatment of cells with the SB203580 inhibitor of the p38 (Fig. 11B) . Msk1 kinase activity was also partially inhibited by treatment with the PD98059 MEK inhibitor, suggesting that the MEK/Erk pathway is also required for such activation (Fig.  11B) . When the activation of Msk1 was analyzed in p38␣ ϩ/ϩ and p38␣ Ϫ/Ϫ MEFs, we found that although IFN␣ was still capable of inducing Msk1 kinase activity in the absence of p38␣, such activation was substantially decreased compared with wild-type MEFs (Fig. 11C) . Thus, the kinase Msk1 acts as a downstream effector for the IFN␣-activated p38 pathway, suggesting that this kinase also participates in the induction of Type I IFN responses.
DISCUSSION
Despite the rapid advances in the field of interferon signaling, the precise mechanisms by which Type I interferons mediate induction of their biological properties in vitro and in vivo remain to be elucidated. Over the years, it is has been established that Type I interferons transduce signals by activating the Jak-Stat pathway, to regulate transcriptional regulation of target genes. However, there also is accumulating evidence that multiple additional signaling cascades are activated by the Type I interferon receptor (5-7), among which the p38 Map kinase pathway (22) (23) (24) (25) (26) . Previous studies from our laboratory have shown that pharmacological inhibitors of this pathway reverse the growth inhibitory effects of Type I interferons on normal hematopoietic progenitors (26) , as well as on leukemic hematopoietic progenitors from patients with chronic myelogenous leukemia (25) . These findings have indicated a critical role for this pathway in the generation of the antiproliferative effects of interferons, and have suggested that this cascade complements the function of the interferon-activated Jak-Stat pathway.
In the present study we demonstrate that Type I interferondependent gene transcription is defective in cells lacking p38␣, while serine phosphorylation and DNA binding of Stat proteins are not affected by the lack of p38␣. Thus, a p38-dependent mechanism, distinct from Stat-activation and translocation to the nucleus, is required for full transcriptional activation in response to Type I interferons. It is of interest that Type I IFN-dependent responses are not well compensated by other p38 isoforms in p38␣ Ϫ/Ϫ mouse embryonic fibroblasts. This is important, as there is accumulating evidence that that distinct members of this family may be differentially activated in response to various stimuli. For instance, bradykinin preferentially activates p38␤ in neuroblastoma/glioma cells (54) . PMA preferentially activates p38␥ and p38␦ (55), while IL-1 activates primarily p38␣ over p38␦ (56) . In addition, a recent study 
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demonstrated that in cardiac myocytes, p38␣ mediates apoptotic signals, while p38␤ mediates signals that promote myocardial hypertrophy, providing direct evidence for divergent physiological functions of distinct members of the p38 family of kinases (57) . Our data suggest that p38␣ is the predominant p38 isoform employed by the Type I IFN receptor to mediate downstream regulatory signals. However, our findings do not exclude the possibility that other p38-isoforms (p38␤, p38␥, p38␦) are also activated and mediate Type I IFN effects unrelated to regulation of gene transcription or that they participate in the regulation of interferon-dependent gene transcription in a cell type-specific manner.
The precise regulatory mechanisms by which p38 plays an essential role in Type I IFN-dependent transcription remain to be fully defined. In the present study we identify several downstream kinase targets, whose activation requires upstream engagement of p38␣, including MapKapK-2 and the related MapKapK-3. These findings are consistent with a previous study that had shown defective interleukin-1 (IL-1)-dependent activation of MapKapK-2 in p38␣ Ϫ/Ϫ embryonic stem cells (58) . Clearly, the activation of such kinases plays a role in the induction of IFN responses, as evidenced by the defective antiviral effects of IFN␣ in MapKapK-2 Ϫ/Ϫ cells. Our data also provide the first evidence for engagement of the kinase Msk1 in Type I IFN signaling. This kinase is rapidly phosphorylated and activated in response to Type I IFN treatment and its activation is regulated by the IFN-activated form of the p38␣ Map kinase, as evidenced by the diminished phosphorylation of this kinase on Ser 376 and Thr 581 and the reduction in its kinase activity in p38 Ϫ/Ϫ cells. However, some residual kinase activity remains in p38␣ Ϫ/Ϫ cells, suggesting that in addition to p38, other IFN signaling cascades may contribute to its activation, possibly via phosphorylation of other target sites. Engagement of Msk1 may provide a potential mechanism by which gene transcription is regulated by the Type I IFN receptor, as Msk1, and the related Msk2, have been implicated in regulation of histone phosphorylation and induction of transcription of early response genes in response to stress (40, 50 -53) . It is therefore possible that Msk1 plays a similar role in the IFNsystem, but this remains to be directly determined in future studies.
Independently of the precise downstream mechanisms involved, our findings definitively establish a requirement for the p38 pathway in Type I IFN-dependent gene transcription. As p38␣ appears to be essential for transcriptional activation via either ISRE or GAS elements, our results suggest that the function of this Map kinase cascade is essential for transcription of essentially all known Type I IFN-regulated genes, as all of them have in their promoters ISRE or GAS elements, or both. Interestingly, targeted disruption of the p38␣ gene does not appear to have any effects on IFN␥-dependent gene transcription. This is consistent with the fact that p38 is not activated by IFN␥ in most cell types (24) , with the exception of normal human bone marrow-derived hematopoietic progenitors (59) . In such primitive cells, the p38 pathway appears to mediate IFN␥ induction of cell death (59) . Based on the data from the current study, it appears that this highly restricted and cell-specific IFN␥ response is unrelated to effects of p38 on p38 Map Kinase and Interferon Signalinggene transcription, and may involve direct participation of downstream p38 effectors in the induction of pro-apoptotic responses (59) .
It is also possible that, in addition to its effects on Type I IFN-dependent transcription, p38 regulates other post-transcriptional events that may affect IFN-dependent expression of protein targets that regulate induction of antiproliferative or antiviral effects. A previous study has demonstrated that IFNinduces PG endoperoxide G/H synthase-2 (PGHS-2) expression in primary cell cultures from bovine myometrium (32) . Using SB203580, these investigators demonstrated that p38 regulates the stability of PGHS-2 mRNA, suggesting that IFN-dependent activation of the pathway also exerts effects at the post-transcriptional level (32) . Other studies have also shown that a downstream effector of p38, the kinase Mnk1 (60, 61) , regulates phosphorylation of the eukaryotic initiation factor-4E (eIF4E) on serine 209 (62, 63, 64) , to initiate mRNA translation. Thus, it is likely that activation of the p38 pathway regulates both gene transcription and mRNA translation using distinct downstream effectors, to mediate optimal induction of interferon responses. FIG. 11 . Induction of Msk1 kinase activity by IFN␣. A, Molt-4 cells were treated with IFN␣ for the indicated times in min. Total cell lysates were immunoprecipitated with an antibody against Msk1, and in vitro kinase assays, to detect Msk1 activation were performed, as described under "Material and Methods." Means Ϯ S.E. of two independent experiments are shown. B, Molt-4 cells were pretreated with either the p38 inhibitor SB203580 or the MEK inhibitor PD98059, as indicated. The cells were subsequently treated with IFN␣ for 60 min, as indicated. Total cell lysates were immunoprecipitated with an antibody against Msk1, and in vitro kinase assays were carried out on the immunoprecipitates. Means Ϯ S.E. of two independent experiments are shown. C, p38␣ ϩ/ϩ and p38␣ Ϫ/Ϫ cells were treated with mouse IFN␣ for 60 min, as indicated. Total cell lysates were immunoprecipitated with an anti-Msk1 antibody and immunoprecipitated proteins were subjected to in vitro kinase assays, to detect Msk1 activation. Means Ϯ S.E. of two independent experiments are shown.

